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Interlayer magnetoconductance of the quasi-two dimensional organic metal (BEDT- 
TTF)8Hg4Cli2(C6H5Cl)2 has been investigated in pulsed magnetic fields extending up to 36 T 
and in the temperature range from 1.6 to 15 K. A complex oscillatory spectrum, built on linear 
combinations of three basic frequencies only is observed. These basic frequencies arise from the 
compensated closed hole and electron orbits and from the two orbits located in between. The field 
and temperature dependencies of the amplitude of the various oscillation series are studied within 
the framework of the coupled orbits model of Falicov and Stachowiak. This analysis reveals that 
these series result from the contribution of either conventional Shubnikov-de Haas effect (SdH) or 
quantum interference (QI), both of them being induced by magnetic breakthrough. Nevertheless, 
discrepancies between experimental and calculated parameters indicate that these phenomena alone 
cannot account for all of the data. Due to its low effective mass, one of the QI oscillation series - 
which corresponds to the whole first Brillouin zone area - is clearly observed up to 13 K. 



o 



> 
00 

o 

(N 

o 

O 



o 



X 



PACS numbers: 71.18.+y, 72.20.My, 71.20.Rv 



I. INTRODUCTION 



In some organic conductors, the Fermi surface (FS) 
presents quasi 2D pieces connected with small enough 
gaps, which offers the very attractive opportunity to in- 
vestigate still interesting questions of fermiology such 
that the " competing coexistence" between different types 
of quantum oscillations. This is the case of e. g. 
the quasi-2D charge transfer salt k-(ET)2Cu(NCS)2, 
where ET stands for the donor molecule BEDT-TTF 
(bisethylenedithia-tetrathiofulvalene). Indeed, the FS of 
this compound appears to be adequately described by the 
textbook mjodel of a chain of coupled orbits introduced 
by Pippardld. In this compound, conventional Shub- 
nikov de Haas (SdH) effect resulting from magnetic flux 
quantization inside semiclassical closed orbits and quan- 
tum interference (QI)a'Ll between open electron paths, 
which-||esm be both induced by magnetic breakthrough 
(MB)llH3i3 can occur. These phenomena yield frequen- 
cies resulting from linear combinations of the two ba- 
sic frequencies a and b as observed in the oscillatory 
spectrum of the ntagnetizationH and of the longitudinal 
magnetoresistancelOEl although some of these combina- 
tions are forbidden in the semiclassical picture. Similar 
frequency mixing induced by oscillation of the chenrical 
potential ofj^ 2D-electron gas may also contribute toQ or 
account forEI oscillatory data. More recently, numerical 
computation of the de Haas-van Alphen (dHvA) oscil- 
lation spectrum has been achieved. Based on a realis- 
tic tight-binding model of quasi-2D organic conductors, 
these computations also evidenced, although at quite 
high B/T ratios, significant frequency mixing includ- 



ing the forbidden frequencies. They occur as well for a 
fixed number of particles as for a fixed chemical potential 
and are due to the field-dependent interplay of electronic 
states from the different bands crossing the Fermi leveM. 
The main still open question lies in the relative weight of 
these different contributions to the data. 

The room temperature FS of (ET)8Hg4Cli2(C6H5Cl)2 
results from the, hybridization of two pairs of hidden 
quasi-lD siifletsliil, parallel to the (a*, b* -I- c*) and (a*, 
c*) planealSllj. The resultant FS, obtained after raising 
of degeneracy is built up with one hole and one elon- 
gated electron tube (see Figure 1). Although the cross 
section area of both electroa, and hole tubes amounts to 
13 percent of the FBZ areall3, the resulting orbits do not 
share the same topology and are separated from each 
other by two unequal gaps labeled Ei and E2 in Fig- 
ure 1. Provided these gaps are not too large, MB be- 
tween electron and hole orbits can occur in magnetic field, 
leading to a two-dimensional network of coupled orbits. 
This may give rise, besides quantum oscillations linked 
to the electron and hole closed orbits, to additional os- 
cillation frequencies that can be accounted for eitter by 
the semiclassical model of Falicov and Stachowiaka or by 
QI. Regarding the FS topology at low temperature, it is 
worth to notice that a metallic groundstate is stabilized 
in (ET)8Hg4Cli2(C6H5Cl)2. Indeed, the conductivity ex- 
hibits a metallic behavior down to the lowest tempera- 
tures with a residual resistivity ratio equal to 100 and 
without any sign of (ejien imperfect) nesting of neither 
electron nor hole tubesllj. 

Previous magnetoresistance experiments performed up 
to 15 teslas on (ET)8Hg4Cli2(C6H5Cl)2 crystals with the 



FIG. 1; Fermi surface of (ET)8Hg4Cli2(C6Hj5ei)2 according 
to band structure calculations of Vieros et al.tj. Latin types 
are labels discussed in the text. Besides the S and A orbits, 
the elongated electron and the hole closed orbits can be ob- 
served, ruei (mjii) and me2 (111^2) are the weight factors, i. 
e. the partial effective mass linked to the short and long part 
of the electron (hole) closed orbit, respectively. Shaded and 
hatched areas depict one of the SdH orbit and one of the two- 
arm interferometers, respectively that can account for the b 
oscillation series. Open circles and open squares mark the 
extremities of the two-arm interferometers. 

current injected, within the conducting bc-plane (in-plane 
configuration)EJ exhibit one Shubnikov-de Haas (SdH) 
oscillation series, referred to as the a series hereafter, with 
a frequency Fq = 250 T corr|esponding to a cross section 
of « 11 % of the FEZ areata. Nevertheless, when the 
current is injected in the direction a*, normal to the con- 
ducting plane (interlayer configuration), a complex oscil- 
latory behavior is observed, in particular at high mag- 
netic fieldEj. Namely, in addition to a frequency Ff, = 
2200 T, corresponding to « 100 % of the FEZ area, other 
frequencies which are linear combinations of the frequen- 
cies Fa = 240 T and F5 = 150 T (7 % of the FEZ area), 
respectively have been observed. 

The aim of this paper is to show that the oscilla- 
tory behavior of the interlayer magnetoresistance of the 
(ET)8Hg4Cli2(C6H5Cl)2 organic conductor results from 
several contributions, including ME-induced QI effects. 
This will be achieved through the analysis of the temper- 
ature and field magnitude and orientation dependencies 
of the oscillation spectrum. 

II. EXPERIMENTAL 

The studied crystal was a platelet with approximate 
dimensions (1x1x0.1) mm'^, the largest faces being par- 
allel to the conducting bc-plane. Electrical contacts were 



made to the crystal using annealed gold wires of 20 mm 
in diameter glued with graphite paste. Alternating cur- 
rent (400 mA, 50 kHz) was injected parallel to the a* 
direction (interlayer configuration). A lock- in amplifier 
with a time constant of 100 ms was used to detect the 
signal across the potential leads. If the measurements, 
performed during the decay of the pulsed fields of the 
LNCMP (36 T, 1.2 sec) were noiseless, this should allow 
to derive reliable oscillatory data down to e. g. 11 T and 
1 T for |a^frequency of 2200 T and 150 T, respectively 
(see RefJla). 

Data analysis is based on Fourier transforms (FT) cal- 
culated with an elevated cosine window in a given field 
range from E,„i„ to B^ax- In the following, the ampli- 
tude of a given oscillation series at the mean field value 
B = 2 / {l/Bmin + 1/Bmaa;) is determined by the ra- 
tio of the amplitude of the FT to (1/Emi„ - l/Bmax)- 
The orientation of the magnetic field is defined by the 
angle 9 between the field direction and the normal to the 
conducting bc-plane. The sign of is arbitrary. 



III. RESULTS AND DISCUSSION 

A. Oscillatory spectrum 

Fig. H displays the oscillatory magnetoconductance for 
different orientations of the magnetic field at a temper- 
ature of ~ 1.7 K. FT deduced from data in Fig. H are 
displayed in Fig. ^. A complex oscillatory behavior is 
observed since up to 6 fundamental frequencies - with- 
out counting some harmonics - are displayed in Fig. 
Moreover, these 6 frequencies follow the orbital behavior 
expected for a two-dimensional FS in the explored angle 
range from -21° to -f-72°, as demonstrated in Fig. |^ for 
some angles. In the field range between 10 and 30 teslas 
(see Figure 3a), the observed frequencies can be regarded 
as linear combinations of Fa and Fs with Fa = (241.5 ± 
2.0) T and F^ = (149 ± 2) T. In addition, an oscillation 
series with a frequency Fb — (2185 ± 15) T and up to 3 
harmonics are observed in the higher field range between 
20 and 35.2 T (see Figure 3b). These three frequencies 
correspond to cross section area of 11.0 ± 0.1, 6.8 ± 0.1 
and 100 ± 1 percent of the FEZ area, respectively. Ac- 
cording to band structure calculations, the cross section 
area of the electron and the hole otbtits corresponds to 
approximately 13 % of the FEZ areali3. Keeping in mind 
that a discrepancy of few percents between experimental 
data and band structure calculations is an usual feature, 
it can be assumed that the calculated FS is in qualitative 
agreement with the experimental data. Hence Fa is as- 
sociated to the closed electron and hole orbits (referred 
to as the a orbits in the following) and F<5 to the 6 orbit. 
Ffc, which corresponds to the whole FEZ area, accounts 
for an orbit that involves 2a. + A + S. Owing to the 
experimental values of the frequencies Fa and F^, the 
cross section of the A orbit amounts to 71 % of the FEZ 
area. Finally, it is important to notice that more than ten 



FIG. 3: Fourier transforms deduced from data in Figure 2. 
The magnetic field window is 10 - 30 T and 20 - 35.2 T for 
Fig. 3a and Fig. 3b, respectively. 



orbits. However, recent measurementsEZl have revealed 
that, as it is usually the case for most organic conduc- 
tors, the value of the magnetization of the isostructural 
compound (ET)8Hg4Cli2(C6H5Cl)2 remains rather weak 
even at high magnetic field. This latter result makes un- 
likely a significant contribution of MI to the oscillation 
spectrum. In the following, we will examine the possi- 
ble contribution of QI and conventional SdH effect to the 
observed oscillatory behavior through the temperature 
and magnetic field dependencies of the oscillation ampli- 
tude. Unfortunately, the oscillation series resulting from 
frequency combinations involving the F;, frequency (see 
Fig. ^) will not be considered due to too small amplitude 
and (or) too steep field and temperature dependencies. 



where (uq = 14.694 T/K); Toii) and mc(i) are the 
Dingle temperature and the effective cyclotron mass, re- 
spectively. RT(i) is given by: 



Tm,{i)/B'- 



sinh [—UQTnic{i) / B] 



(4) 



FIG. 4: Fourier transforms deduced from data at different 
temperatures for 6 = 0° in tfie magnetic field range 18 - 35.7 
T. Frequency combinations involving a, b and 5 orbits are 
indicated in the figure. Full triangles are marks calculated 
with ¥a = 241.5 T, F^ = 149 T and Fj, = 2185 T. Note that 
the oscillation series b-2a-(5 corresponds to the A orbit. 



B. Calculation of effective masses and damping 
factors 



According to the conventional Lifshitz-Kosevich (LK) 
model, the field and temperatm'c dependence of the os- 
cillatory part of the conductivity can be accounted for 
by: 
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where (Tbg(B) is the field-dependent monotonous part 
of the conductivity, i stands for the indices of the oscil- 
lation series and 7^ is the Onsager's phase factor. Har- 
monics contribution can be included in the equation. Ne- 
glecting the spin splitting damping term, the oscillation 
amplitude is given by: 



In the two- and thpse-dimensional case, n is equal to 1 
and 1/2, respectivelya. _ 

Following Falicov and Stachowiakcl, the effective mass 
linked to electron and hole orbits can be expressed as m*e 
— 2(mei -|- me2) and m*/j = 2(m^i -|- Ta.fa)i respectively. 
The weight factors niei, me2, "cuni and m;i2i which can 
be regarded as absolute values of partial cyclotron mass 
parameters, are defined in Fig. 0. Since the oscillation 
series with frequency F^ results from the contribution 
of the electron and hole orbits, the resultant effective 
cyclotron mass has been assumed equal to m*a ~ (m*e 
-I- m*/i) / 2, i.e. m*a = m^ -I- me2 + m/a -f mft2- Same 
type of calculation has been performed for the other SdH 
orbits as reported in Table 1. 

In the framework of the QI modeflu, the effective 
mass is given by the energy derivative of the phase 
difference {ipi - ipj) between the two different routes i 
and j of a two-arm interferometer. Within this model, 
d{ipi — (pj)/de = heB dSk/de, where Sfc is the recipro- 
cal space area bounded between the two arms. Since 
d{ipi — (pj)/de is proportional to the difference between 
the effective mass of the two arms of the interferometer, 
the associated effective mass is given by m* = | m*i - 
m*j I where m*i and m*j are the partial effective masses 
of the routes i and j . The calculated values for the QI or- 
bits are given in Table 1. It should be kept in mind that 
a given oscillation series can be accounted for by several 
types of QI paths or SdH orbits with different damping 
factors. Data in Table 1 is restricted to orbits yielding 
the highest damping factors i. e. with the lowest number 
of MB junctions and the lowest effective mass. 

For a given oscillation series, noticeable differences be- 
tween effective masses linked to either SdH or QI can be 
observed. E. g. m*2a+s is equal to 2 m*a in the case of 
SdH while m*2a+5 is equal to 2| 771^2 — rnh2 \ in the case 
of QI which is certainly much lower than m*a. 

We discuss now the damping factor Rm^ entering Eq. 
(2). According to Falicov and Stachowiaka, the damping 
factor for a SdH orbit can be written as: 



A,^RT{€)RD{^RMB{i) (2) 

where Rt and Ru are the temperature and Dingle 
damping terms, respectively. Rmb, which will be con- 
sidered latter on, is the damping term which accounts 
for the contribution of MB. As usual, the Dingle damp- 
ing term is expressed as: 

RdW = exp (3) 



RmE{i) = n P7'1?' exp [i {Upgipp + Tlggipg)] (5) 

9=1,2 

The indices g stand for the two different gaps between 
electron and hole orbits (see Fig. |l|) . (pp and ipq are phase 
factors {ipp + ipq = ±7r/2). The integers Upg and n^g are 
respectively equal to the number of MB and Bragg re- 
flections encountered along the path of the quasiparticle. 
The MB and Bragg reflection probabilities are given by 
= exp{—Bg/B) and | qg p= 1 — , respectively 
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TABLE I; Experimental data and calculated parameters relevant to the observed oscillation series. F(^ = 0°) is the oscillation 
frequency deduced from experimental data for the magnetic field applied perpendicular to the conducting plane, m* and 
mc are the calculated effective mass and the experimental efi'ective cyclotron mass deduced from the conventional LK model 
(in the temperature range below 8 K for b and S oscillations), respectively relevant to the considered oscillation series. The 
field-dependent part of the damping factors KsdH and Kqi are defined in Eq. (5) and (6), respectively. Only the SdH orbits 
and QI paths yielding the highest damping factors are considered in the table. 



orbit 


Experimental data 


Calculations 


F(6l = 0°) 


mc 


mc/mc(a) 


SdH oscillations 


Quantum interference oscillations 


m*/m*(a) 




m*/m*(a) 


Kqi 


5 


149 ± 2 


0.50 ± 0.15 


0.43 ± 0.18 


4 


q?q2P?P2 


2 


qtq2PiP2 


a 


241.5 ± 2 


1.17 ± 0.13 


1 


1 


'2 '2 


not relevant 


not relevant 


a+(5 


391 ± 4 


1.02 ± 0.08 


0.87 ± 0.17 


3 




1 


2 2 2 2 

qiq2PiP2 


2a+5 


633 ± 4 


1.95 ± 0.10 


1.67 ± 0.27 


2 


2 2 2 2 


2 me2 — m;i2 /m * (a) 


2222 4222 

9i'72PiP2 or qiq2PiP2 


3a+5 


875 ± 15 


0.73 ± 0.15 


0.62 ± 0.20 


3 


i i 2 2 

qiq2PiP2 


1 


4 4 2 2 

qiq2PiP2 


h 


2185 ± 15 


0.5 ± 0.1 


0.43 ± 0.13 


4 


q1q2Pip% 





4 4 2 4 2 4 

'J2P1P2 or qiPiP2 



where Bg is the gap-dependent MB field. In the follow- 
ing, the field-dependent part of Rff§ (i) is expressed as 

Ksd//W =0^=1,2 

In the case of a two-arm interferometer, the da,piping 
term for QI is given, according to Harrison et al.BO by: 

In this expression, i and g indices have the same mean- 
ing as in Eq. (5) while k indices stands for each of the two 
arms of the interferometer, n^g and iiqg are the number 
of MB and Bragg reflections, respectively encountsred by 
each of the arms of the interferometer. As stated inlS, the 
relevant effective mass m^ entering LUi = heB/rrii is the 
sum of the partial effective masses of the two branches of 
the interferonieter. In addition, as pointed out by Stark 
and FriedbergH and contrary to the scattering time in- 
volved in the Dingle damping factor, which is usually 
assumed temperature-independent, the quantum state 
lifetime tj includes the temperature-dependent electron- 
phonon interaction. Assuming, that I/tj is proportional 
to the zero field resistivity po(T) yields: 

-Rmb(«) « KQi{i) exp (-a(z)po) (7) 

where a{i) and po s-re field- and temperature- 
dependent, respectively. 

As pointed out above and contrary to the case of e. g. 
K-(ET)2Cu(NCS)2, several QI paths or SdH orbits with 
different topologies may contribute to a given oscillation 
series, even restricting ourselves to the orbits or paths 
with the highest damping factor. As an example, the 
a,+5 series can be accounted for by the QI paths with 
the arms (a k 1) - (a b f g h 1) and (e b c) - (e k m i j 
c) (see Fig. |l|). Nevertheless, both of them include the 
same four MB and four Bragg refiections involving the 
small and the large gap between electron and hole orbit. 
This leads to the field-dependent part of the damping 
factor KQ/(a -f (5) = (see Eq. (6) and (7)). In 



addition to SdH orbits which may present either hole (c 
d e k m i j c orbit) or electron (a b f g h 1 a orbit) char- 
acter, the 2a-|-(5 series can be accounted for by the two 
interferometers with the arms (akmij)-(abfgj) 
and (b f g h m) - (b c d e k m). However, contrary to 
the case of the a+(5 series, these two QI orbits yield dif- 
ferent damping factors, namely q\q2P\P2 'Zi'/IpipI' 
respectively. Regarding the b oscillation series, it can be 
accounted for by semiclassical MB orbits, such as the one 
marked with shaded area in Fig. |^, with large effective 
mass and reduced MB damping factors (see Table 1). A 
lot of QI paths can also account for F;,, even without 
taking into account the interferometers which involve QI 
paths with strongly different arms length and bear re- 
duced MB damping factors (12 MB junctions) and large 
effective mass (m* = 2m* (a)). Among those with a zero 
effective mass, some interferometers also involve a large 
number of MB junctions. Since they are the most prob- 
able, only those which involve 10 MB junctions (see the 
hatched area in Fig. m are considered in Table 1. 



C. Data analysis 

The oscillatory part of the magnetoconductance is dis- 
played in the field range 22 to 36 T for 61 = -13° in Fig. |. 
The temperature dependence of the amplitude of the os- 
cillations for the a, a-|-<5, 2a.+5 and 3a-|-<5 series observed 
in the oscillatory spectrum is displayed in Fig. ^ in the 
temperature range up to 10 K. A good agreement with 
the conventional LK model is observed as it is the case for 
the 5 and b oscillations below ~ 8K (see Fig. 0). How- 
ever, Fig. 1^ displays strong downward deviations from 
above ~ 8 K for these latter series. These deviations 
from LK model are discussed later on. The cyclotron 
effective masses have been determined for different di- 
rections and mean values of the magnetic field. In the 
main, slight variations of the measured effective cyclotron 
mass parameter can be observed at high magnetic field, 
likely due to the strongly two-dimensional character of 
the FSlij. Stronger downward deviations are neverthe- 
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FIG. 7: Temperature dependence of the amplitude of the b 
(full circles) and 5 (full squares) oscillations. The mean field 
value is 22.66 T and 29.57 T, respectively for the 5 and b 
series. The angle between the magnetic field direction and 
the normal to the conducting plane is 6' = -13°. Dashed lines 
are best fits to the LK model (see Eq. (4)) as done in Fig. ^. 
Full lines are best fits to the LK model, assuming a zero effec- 
tive cyclotron mass and taking into account the temperature 
dependence of the quantum state lifetime according to Eq. 
(7). The temperature dependence of the zero field resistance 
(empty circles) is also displayed. Dotted line is a guide for 
the eye and accounts for a T^ '*^ dependence (see text). 



FIG. 8: Dingle plots of the oscillation series observed in the 
data at 1.6 K and 6 = -13° (see Fig. ^). Solid and dashed 
lines are best fits to the data taking and without taking into 
account contribution of magnetic breakdown damping factor, 
respectively (see text). The values of the effective cyclotron 
mass parameter mc are given in Table 1. 

for the a oscillation series is T£)(a) = 0.4 K. In addition, 
Dingle plot for the a+6 series can only be accounted for 
by lower MB fields i. e. between 0.2 T and 19 T (above 
19 T, negative T^i values are obtained). Hence, the data 
in Fig. g cannot be accounted for by a unique set of MB 
field values. This may suggest that, in addition to SdH 
and QI, other contribution should play a role in the os- 
cillatory data. 

IV. SUMMARY AND CONCLUSION 

The oscillatory behavior of the interlayer magneto- 
conductance of the quasi-two dimensional organic metal 
(BEDT-TTF)8Hg4Cli2(C6H5Cl)2 can be described on 
the basis of linear combinations of three basic frequen- 
cies arising from the compensated closed hole and elec- 
tron orbits and from the two orbits located in between. 
It can be remarked first that the various MB-induced 
SdH orbits and QI paths responsible for the observed 
oscillation spectrum are not independent but do consti- 
tute an interlinked network which has been considered 
in the framework of the coupled orbits model of Fali- 
cov and Stachowiaka. On the basis of the derived values 
of the effective cyclotron masses linked to the various 
oscillation series, it can be inferred that a strong con- 
tribution of conventional SdH accounts for the 2a,+S se- 
ries while data for a-|-^ and b, are consistent with QI. 
Oppositely, the low values of mc(5) and mc(3a -I- 5) dis- 
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agree with both SdH and QI. In addition, the field de- 
pendence of the oscillation amplitude of the various series 
cannot be consistently accounted for by a unique set of 
MB gaps El and E2. These features suggest that addi- 
tional contribution, such as frequgncy mixing due to os- 
cillation of the chemical potentiaD'tl or interplay of elec- 
troniCj states from the different bands crossing the Fermi 
levellJ strongly influence the oscillatory behavior. From 
the experimental point of view, further enlightenment 
could be given by dHvA experiments in high magnetic 
field. Indeed, contrary to conductivity, magnetization, 
as a thermodynamic parameter, is not sensitive to QI. In 
addition, the configuration of measurement (in-plane vs. 
interlayer) should also be considered since, up to now, no 



frequency combinations has been observed in copductiv- 
ity data recorded in the in-plane configurationlij. 
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